We examine resolved spectroscopic data obtained with the Keck II telescope for 44 spheroidal galaxies in the fields of two rich clusters, Cl0024+16 (z=0.40) and MS0451-03 (z=0.54), and contrast this with similar data for 23 galaxies within the redshift interval 0.3< z <0.65 in the GOODS northern field. For each galaxy we examine the case for systemic rotation, derive central stellar velocity dispersions σ and photometric ellipticities, ǫ. Using morphological classifications obtained via Hubble Space Telescope imaging as the basis, we explore the utility of our kinematic quantities in distinguishing between pressure-supported ellipticals and rotationallysupported lenticulars (S0s). We demonstrate the reliability of using the v/(1 − ǫ) vs σ and v/σ vs ǫ distributions as discriminators and further test these diagnostics using equivalent local data in the Coma cluster. According to our tests, both discriminators are reliable at at least the 70-85% level and limited by the accuracy of the morphological typing. Using our classifiers we then examine the morphology-density relation for elliptical and S0 galaxies separately at a mean redshift of z ≃0.5 confirming, from kinematic data alone, the recent growth of rotationally-supported spheroidals. We discuss the feasibility of extending the method to a more comprehensive study of cluster and field galaxies to z ≃1, in order to verify in detail the recent density-dependent growth of S0 galaxies.
INTRODUCTION
Understanding the origin of the Hubble sequence remains a fundamental goal in extragalactic astronomy. The lasting utility of Hubble's classification scheme lies in its ability to distinguish between both the dynamics and stellar populations of disk and spheroidal galaxies. However, despite considerable progress in unraveling the time evolution of elliptical and spiral galaxies (see Ellis 2007 for a recent review), there is still some disagreement concerning the origin of lenticular (or S0) galaxies -a hybrid class with kinematic characteristics of disk galaxies but whose present-day stellar populations resemble those seen in ellipticals (Es). Were S0s created ab initio or do they represent spirals whose gas supply was more recently truncated? Understanding the origin of this intriguing population is important in resolving the extent to which galaxies are morphologically influenced by their environment.
Detailed studies of local S0s have failed to resolve the question of whether or not they are faded remnants of early spirals (c.f. Poggianti et al. 2001 vs. Burstein et al. 2005 . The most direct approach would be to track directly the evolution in their fraction with look back time. The idea that infalling cluster spirals have somehow been converted into S0s has received much support because of the presence of a local morphologydensity relation (Dressler 1980) and convincing evidence of its evolution , Treu et al. 2003 .
Considerable progress has been made in tracking the evolving fraction of spheroidals, f E+S0 , as a function of environmental density Σ (Smith et al. 2005 , Postman et al. 2005 , Capak et al. 2006 . Although the morphology-density relation was apparently in place at z ≃1, it has evolved quite substantially at later times, mostly in regions of high projected density. One suggestion is that only ellipticals were present in abundance at z≃1 ( f S0 <0.1), with subsequent growth in f E+S0 arising primarily via a density-dependent transformation of spirals into S0s (c.f. Smith et al. 2005) . This simple hypothesis could be tested by separating S0s from ellipticals, so that their fraction, f S0 , could be determined independently of that of ellipticals as a function of both Σ and z. If spiral transformations occurred, there should be fewer S0s in all over-dense environments at z≃1.
Morphologically distinguishing distant S0s from their elliptical counterparts via Hubble Space Telescope (HST) imaging has proved difficult because of surface brightness dimming, loss of resolution, band-shifting and inclination effects, each of which might be redshift-dependent thereby introducing biases. Postman et al. (2005) attempted to measure the S0 fraction morphologically at z ≃1, but the scatter in their S0 classifications, as determined in various ways, implies uncertainties of δ f S0 >0.15. Although they find f S0 drops with redshift, the residual fraction at z ≃1 could be 0 -30%, consistent with a wide range of hypotheses.
The purpose of this paper is to explore the use of kinematic data to improve the separation of distant Es and S0s. Luminous ellipticals are pressure-supported whereas S0s have circularly rotating disks. The necessary ingredients to enable this distinction are the rotational velocity v, the central stellar velocity dispersion, σ, and the photometric ellipticity, ǫ. For a given ǫ, ellipticals have v / σ ratios less than that for a rotationally-supported spheroid (Binney 1982) . Tying classifications to physical quantities (pressure, mass and angular momentum) should reduce redshift-dependent biases and facilitate comparison to numerical models which incorporate environmental effects (e.g. De Lucia et al. 2006) .
As a result of a campaign in two intermediate redshift (z ≃0.5) clusters, we have secured Keck spectroscopic data for a large sample of galaxies spanning a wide range of environments. Morphological classifications are available as a training set in these samples. We utilize this data to test the conjecture that a kinematic classifier can be reliably used to isolate S0s from ellipticals at z ≃0.5. After verifying that the classifiers robustly isolate S0s from ellipticals in a local cluster sample, we then use them to determine the S0 fraction as a function of environmental density, Σ, at this epoch. We show this is a promising approach and discuss the prospects for extending it to higher redshift samples so that the S0 fraction might be completely mapped as a function of Σ since z ≃1. Throughout this paper we adopt a standard cosmology with H 0 = 70.0 km s −1 , Ω m = 0.3, and Ω Λ = 0.7.
OBSERVATIONS
The primary dataset for this paper is a comprehensive Keck spectroscopic and HST imaging (F814W) survey of morphologically-selected spheroidals in two clusters, Cl0024+16 (z=0.40) and MS0451-03 (z=0.54) (Treu et al. 2003 , Moran et al. 2005 . We contrast this with equivalent data taken in the northern GOODS field (Treu et al. 2005a,b) . The above cited articles give full details of the morphological selection and spectroscopic campaigns. Here we give a brief synopsis of the salient points.
The cluster data comprises 44 member spheroidals spanning a wide range of cluster-centric radius to rest-frame M V =-19.9, corresponding approximately to the luminosity limit adopted by Dressler et al. (1997) for the local and z ∼ 0.5 morphology-density relations. Morphological classification is discussed by Treu et al. (2003) for Cl0024+16 and in Moran et al. (2007) for MS0451-03. In cases where the distinction between Es and S0s was ambiguous, we assigned the class E/S0. To the adopted magnitude limit, successful morphological distinction between Es and S0s was possible in 95% of cases, with only 5% classed E/S0. The original z ′ <22.5 GOODS-N sample was classified in the same visual manner by one of us (RSE), albeit from deeper HST data (Bundy et al. 2005 , Treu et al. 2005a . For this study, the sample has been restricted to the redshift range 0.3< z <0.65 and cut at M V >-19.9 to provide a comparison sample of 23 field spheroidals.
All spectroscopic data was taken with the DEIMOS spectrograph on Keck II. The cluster sample was observed with a 900 line grating (Cl 0024) or 600 line grating (MS0451) in the 4500-8000 Å region offering a resolution of σ ≃30-50 km s −1 . Typical exposure times were 2.5 hrs in Cl 0024 and 4 hrs in MS0451. The field survey was designed to sample higher redshift spheroidals in the OH forest and a 1200 line grating was used in the 6700-9300 Å region providing a resolution of σ ≃20-30 km s −1 ; exposure times for the brighter objects considered here were typically 4 hrs. In planning the spectroscopic observations, it was not always possible to align the slit along the major axis. We discarded galaxies where the orientational mismatch was greater than 45 degrees.
3. KINEMATIC MEASUREMENTS All spectra were reduced using the DEEP2 pipeline (Davis et al. 2003) using procedures described by Moran et al. (2005) and Treu et al. (2005b) . Central stellar velocity dispersions for both field and cluster spheroidals come from these analyses. Comprehensive tests were undertaken to evaluate both instrumental and algorithmic uncertainties, with the results indicating that the dispersions are accurate to < 10%.
FIG. 1.-Selection of HST F814W images and rotation curves for both field and cluster spheroidals in our sample. Top 4 images are cluster galaxies photometrically typed as Ellipticals, and the next 4 are S0s. The bottom two are a field E (left) and S0 (right). In each case the redshift z, adopted rotational velocity, v, and stellar velocity dispersion σ are listed with the adopted uncertainties (see §3).
Resolved (rotational) velocity data was secured via an extension of the cross-correlation technique used to determine velocity dispersions, the best-fitting velocity being independently determined for each spectral row. To ensure reliable measurements, every 2D spectrum was re-binned along the spatial dimension to secure a minimum average signal to noise (S/N) of 3 (Å −1 ) per bin. Galaxies with less than three spatial bins of sufficient S/N were removed; for our typical seeing of 0. ′′ 7, this defines the minimum extent where a velocity gradient can be resolved. Cross-correlation was performed against eight template G/K stars and the resulting rotation curves were averaged. We perform a linear least squares fit to the data points, and define the rotational velocity, v, as half the velocity range of the fitted line from end to end of the measured curve. A simple fit is justified because, unlike emission-line data, our absorption line curves rarely extend far enough to reach the characteristic 'turnover', v rot , of a disk rotation curve. The uncertainty in v was taken to be the larger of the RMS deviation of each data point from the fitted line and the RMS deviation of each velocity measurement across template fits.
The allowed misalignment between the galaxy major axis and the spectroscopic slit can reduce the measured v by up to ∼ 40% ( § 4), but we chose not to apply any correction because we seek the distinction between a rotating and non-rotating galaxy rather than a specific measurement of v rot . Typically our measured absorption line rotation curves extend to about 0.25R e , where R e is the photometric effective radius.
To measure photometric parameters of each galaxy, we make use of the GALFIT software (Peng et al. 2002) , fitting each galaxy to a 2D model following the Sérsic profile (see, e.g. Moran et al. 2005 for details). For the analysis discussed below, we adopt the fitted values of ǫ and R e . Our long exposures and the efficiency of DEIMOS has enabled us to secure high quality resolved absorption line data for both field and cluster samples. Figure 1 displays a sample of images alongside the respective rotation curves.
KINEMATIC CLASSIFIERS
In identifying pressure-supported ellipticals from kinematic parameters, we began by considering the v/ σ − ǫ distribution originally proposed by Binney (1982) , where v/σ * ≈ v/σ (1 − ǫ)/ǫ > 1 indicates a rotationally supported spheroid. Unfortunately, our rotation curves do not extend to high enough radius to reliably measure the maximum rotation, V rot . Also, in the case of S0s, the central velocity dispersion arises partly from the prominent spheroidal component, rather than the disk. Consequently, we found the v/ σ * ratio to be somewhat ineffective.
Instead, we approached the problem by optimizing a figure of merit ∆ = Σ i (T dyn,i − T morph,i ) 2 for various classifiers. Here T dyn is a proposed kinematic classifier based on some combination of the three key variables, v, σ and ǫ, and T morph is the HST-based type. Using the combined cluster and field sample of 67 sources as a basis we found that the combinations v/ (1 − ǫ) vs σ and v/ σ vs ǫ were the most successful, both yielding a higher success rate than the canonical v/σ * .
The former criterion ( Figure 2 ) recovers 66% ± 3% of the 35 S0s and 83%± 5% of the 29 Es if a cut of v/ (1 − ǫ) > 75 ± 5 km s −1 is applied. Given there is inevitably some morphological misclassification at the 10-20% level (Ellis et al. 1997 , Treu et al. 2003 , this seems an adequate success rate. Specifically, all of the morphological S0s below the 75 km s −1 limit display no rotation, i.e. they are consistent with v <20 km s −1 , and those morphological Es above the limit are all rotating with v ≃65-150 km s −1 . Of course, the most critical test of this discriminator is not its success rate at identify-ing individual galaxies, but rather how well it estimates the overall fraction of S0s. Morphologically, our sample contains 43% ± 8% ellipticals and 52% ± 8% S0s, with the remaining 5% ambiguous E/S0s; note that we do not yet include any accounting for spiral galaxies. The v/ (1 − ǫ) discriminator yields an S0 fraction of 42% ± 5%-within 10% of the visually classified proportion.
The main drawback of this criterion is that σ offers no particular input; the test is basically concerned solely with the detection of rotation for a given shape. The alternative classifier, v/ σ vs ǫ attempts a kinematic classification in a 2-D plane utilizing all 3 physical variables. Specifically, if we define ellipticals to have v/ σ <0.50 ±0.03 and ǫ <0.3, a somewhat higher degree of success is revealed: we correctly identify 77% ± 2% and 79% ± 2% of S0s and ellipticals, respectively (Figure 2) . Likewise, the predicted overall fraction of S0s-49% ± 3%-is in excellent agreement with its morphological equivalent.
Naturally, it is somewhat circular to judge a kinematic classifier alongside an equally contentious morphological counterpart, particularly if it is then intended to apply the kinematic classification scheme to deduce something fundamental about the nature of S0 galaxies. Accordingly, we independently applied both kinematic classifiers to a local sample of 35 Es and S0s in the Coma cluster (Mehlert et al. 2003) , supplemented by an additional 11 mostly elliptical galaxies from Bender & Nieto (1990) . Importantly, Mehlert et al. published full rotation curves for their galaxies, allowing us to remeasure velocities in a manner similar to that adopted in §3. For each of their galaxies, we fit a straight line to data points within radius < 0.25R e , thus simulating the radial extent of our curves. Such a truncated fit generally yields velocities about 40% of the velocity revealed by the full rotation curves of the local galaxies, and we expect that our z ∼ 0.5 sample similarly underestimates rotation. Such underestimated velocities may contribute to our misidentification rate, suggesting that deeper observations at z ≥ 0.5 may improve the performance of our kinematic classification scheme.
As shown in Figure 2 , the recovery is equally successful (71-79% accuracy for individual galaxies) for both kinematic classifiers. They likewise reliably recover the correct morphological mix. The v/(1 − ǫ) discriminator predicts that the local sample consists of 35% ± 3% S0s (c.f. 30% morphological), and the other discriminator predicts 37% ± 3%. This demonstrates no obvious redshift dependence in the classification, at least within the errors of the small available samples.
EVOLUTION OF KINEMATICALLY-DEFINED S0S
We now apply the kinematic classifiers and tag each galaxy according to its local environmental density, Σ, as defined in Treu et al. (2003) . In constructing the fraction of S0s, f S0 , at z ∼ 0.5, we assume we have representatively sampled the available population. To improve statistics in this preliminary comparison, we combine data from both clusters and contrast this with estimates in the field, for which Σ estimates have been determined following the procedures discussed in Treu et al. (2005a) . To estimate f S0 , we first recalculate the robust visual determination of f E+S0 from Treu et al. (2003) into two density bins across the cluster fields, and also adopt the field value from that paper. We then calculate f S0 by counting the number of kinematically-determined ellipticals (N E ) and S0s (N S0 ) in each density bin and the field, such that f S0 = N S0 /(N E + N S0 ) * f E+S0 . Figure 3 illustrates the result. We find a fairly low fraction FIG. 3. -Morphology-density relation at z ≃0.5 applying the kinematic classifier to both the cluster and field samples as compared to that observed at the same redshift by Treu et al. (2003) and Dressler et al. (1997) . Red points are the S0 fraction as determined from our kinematic indicators. Error bars reflect the disagreement between discriminators, plus Poisson uncertainty.
of S0s ( f S0 ≃26±6%) at all cluster densities, except that our sample is not yet sufficiently large to reliably probe the core regions. The local S0 fraction at comparable densities is about f S0 =50% (Dressler 1980 ) so the kinematic data strongly supports earlier contentions , Postman et al. 2005 ) that there is a substantial decline in the S0 fraction in clusters. Interestingly, the fraction in the field is even lower, 18% ± 4%, although clearly non-zero. Larger samples would confirm these trends.
Recently, van der Marel & van Dokkum (2006) have also considered the utility of resolved kinematic data of distant cluster galaxies. Their analysis is more concerned with establishing the fraction of rotating spheroidals rather than in separating Es and S0s. Based on a much smaller sample, they find a slightly larger fraction of rotating Es than observed locally. We note they use the quantity v/ σ * which we found to be ineffective for reasons discussed earlier.
Given the efficiency of multi-object spectrographs such as DEIMOS, it is interesting to consider the prospects of our method for tracing the full evolutionary history of S0s in various density regimes over 0< z <1, for example in order to verify or otherwise the scenario put forward by Smith et al. (2005) and Postman et al. (2005) . Visual discrimination between early and late-type galaxies is more reliable than E-S0 separation, even up to z > 1.0 (Postman et al. 2005) , and so our reliance on the visually-determined f E+S0 poses no barrier to extending this method up to z ∼ 1.
The key challenge to extending our method to higher redshift is the loss of spatial resolution that occurs as one observes galaxies at smaller apparent sizes, with a relatively fixed ground-based seeing limit. At z ∼ 0.5, our typical seeing of 0. ′′ 7 FWHM corresponds to 4.3 kpc, compared to a 6-8 kpc typical extent of our rotation curves. At z = 1, the same seeing disk covers a physical diameter of 5.6 kpc, 30% larger. Considering our requirement to have at least three independent spatial bins, and assuming similar signal to noise spectra, a similar study at z ∼ 1 may be limited to galaxies with spatial extent 8 kpc; only about 25% of the z ∼ 0.5 sample meet this requirement.
In fact, the situation is not so dire, as we are most interested in detecting only whether a galaxy is rotating or not, and so blurring of the velocity gradient due to seeing is only important if the velocity is smeared to zero. To test our ability to measure z ∼ 1 rotation curves, we have convolved our z ∼ 0.5 curves with a Gaussian kernel to simulate the seeing at z = 1. Remeasuring velocities on these blurred curves, we find that our kinematic classification scheme predicts the same morphology as the unblurred curve in 96% of the objects. We thus conclude that kinematic discrimination between Es and S0s can be a powerful tool for tracing the presumed buildup of S0 galaxies even up to z > 1, and may be more reliable than visual discrimination at these high redshifts.
6. CONCLUSIONS We examine the potential of using resolved kinematics of distant galaxies to separate, independently of morphological data, elliptical and lenticular galaxies. Applying various criteria to a sample of 44 cluster galaxies and 23 field galaxies with z ≃0.5, we find promising prospects. Using the morphological classification as a starting point, we recover the morphological mix to within 10% accuracy by using various combinations of the stellar rotational velocity, velocity dispersion and ellipticity. We test the utility of our classifiers on local data and use them to establish the first kinematicallybased evidence for a declining fraction of S0s with redshift across a wide range of densities.
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